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ABSTRACT 


Continuation  of  the  studies  on  the  mechanisms  of  the 
smooth  muscle  relaxation  through  the  anodal  current  stimulation 
has  been  performed.  In  order  to  conduct  the  experiment  on  the 
mammalian  smooth  muscle,  its  normal  action  potential  has  been 
studied.  Ureter  was  selected  as  the  material  because  the 
intracellular  action  potential  of  this  tissue  has  rarely  been 
studied. 

Action  potential  of  tho  ureter  smooth  muscle  show  a  slow 
plateau  phase,  which  indicates  that  a  single  cell  is  responsible 
for  the  plateau  formation.  The  effect  of  repetitive  stimulation 
on  this  muscle  was  studied  and  was  found  that  the  refractory 
period  of  the  ureter  smooth  muscle  cell  was  very  long  compared 
to  other  smooth  muscles.  The  effect  of  the  sodium  deficiency 
on  the  pattern  of  action  potential  have  also  been  studied, 
and  the  results  indicated  that  the  action  potential  of  the 
smooth  muscle  of  the  ureter  can  be  satisfactorily  explained 
from  the  basis  of  sodium  hypothesis. 

Continuation  of  the  histological  works  have  been  made9  on 
the  fine  structure  of  the  invertebrate  muscle.  The  conduction 
of  excitation  in  tho  stomatopod  heart  is  definitely  different 
from  that  of  the  mammalian  smooth  muscles,  whore  the  muscle- 
to-muscle  conduction  can  be  considered. 


MECHANISMS  OF  SMOOTH  MUSCLE  RELAXATION  THROUGH  THE  ANODAL 

CURRENT  STIMULATION 

A  Survey  on  the  Action  Potential  of  the  Ureter 
Muscle. 
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(1)  INTRODUCTION 


General  review  of  the  problem 

Continuous  hypertonicity  of  the  smooth  muscle  has  been  a 
hazardous  symptom  in  the  patients  who  complain  of  their  chronic 
gastrointestinal  diseases.  The  mechanism  of  the  relaxation  in 
smooth  muscles  have  already  been  studied  mainly  from  the  point 
of  mechanical  tension,  and  experiments  on  their  membrane  potential 
are  relatively  few.  In  the  preceding  report,  we  have  studied 
the  relaxation  in  invertebrate  myocardiums  through  the  anodal 
current  pulses,  and  have  found  that  the  anodal  current  pulse 
caused  an  abolition  of  plateau  phase  of  the  action  potential  in 
some  muscles.  While  in  other  muscles  such  as  in  the  long 
tubular  heart  of  stomatopod,  the  anodal  current  caused  the  abo¬ 
lition  of  action  potential  and  the  associated  inhibition  in 
the  development  of  mechanical  tension.  The  mechanisms  of  this 
abolition  of  plateau  is  attributed  to  the  anodal  block.  To 
apply  the  anodal  current  to  the  ureter  smooth  muscle,  the  un¬ 
derstanding  of  the  intracellular  action  potential  pattern  of 
this  muscle  is  most  essential.  The  following  report  deals 
with  the  action  potential  of  the  ureter  smooth  muscle  with  the 
aid  of  ultramicvo  -  electrodes. 

Re  vie  ik)  oh  the  previous  references 

a)  Pattern:  Bozler  (4)  injured  one  part  of  the  ureter  and 
obtained  a  monophasic  potential  ranging  from  1  to  15  MV  and  have 
found  that  the  potential  consists  of  a  fast  deflection  followed 
by  a  prolonged  negativity.  Such  prolonged  negativity  has  also 
been  described  by  Sleater  and  Butcher  (26)  in  in  situ  cannine 
ureter,  and  rat  ureter  by  Prosser  et  al  (25).  Greven  (11, 12) 
applied  a  capillary  glass  electrode  having  a  tip  diameter  of 
about  10  microns  on  ureter  and  has  obtained  a  similar  pattern 
of  action  potential  from  the  smooth  muscles,  Bozler  considered 
that  the  complex  caused  by  the  action  potential  which  is  found 
in  guinea  pig  ureter  refers  to  the  individual  fiber  and  is  not 
due  to  a  synchronous  activity  of  the  fibers.  Greven,  on  the 
other  hand,  considered  that  the  ureter  action  potential  is 
uniform,  and  does  not  show  signs  of  oscillations  in  its  normal 
condition.  The  oscillation  of  the  potential  in  the  ureter 
action  potential  occurred  when  the  muscle  lost  the  stability  of 
the  membrane  (11,  12), 

In  the  previous  report,  we  have  described  a  preliminary 
experiment  on  the  pattern  of  action  potentials  from  the  guinea 
pig  ureter  and  have  found  the  oscillatory  potentials  which  ara 
•uperimposed  at  the  initial  part  of  the  plateau  phase,  Bennett, 
Burnstock,  Holman  and  Walker  (2)  also  reported  a  brief  report 
apart  from  us,  and  found  similar  action  potentials  which  were 
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obtained  by  Bozler  (4).  We  also  have  come  to  a  aimilar 
conclusion  that  the  oscillatory  type  action  potentials  are 
generated  from  a  single  muscle  cell. 

Since  the  action  potential  of  the  ureter  muscle  has  not 
yet  been  fully  studied  with  ultramicorelectrodes,  it  is  hoped 
to  study  in  detail  the  basic  physiolohy. 

b)  Refractory  poriod:  Bozler  obtained  conduction  velocity 
of  a  few  centimeters  per  second  and  a  long  refractory  period 
(1.5  to  3  second)  without  summation  of  response.  Prosser  et  al 
obtained  a  reduced  duration  of  action  potential  when  the  ureter 
was  stimulated  repetitively.  They  could  not  record  a  reduced 
amplitude  at  short  intervals  between  the  shocks.  But,  during 
the  relative  refractory  period,  Ichikawa  and  Ikeda  08)  found 

a  small  action  potential.  Since  all  these  studies  were  con¬ 
ducted  with  surface  electrode  investigation  on  the  intracellu¬ 
lar  potential  recording  technique  appears  to  disclose  a  now 
approach  to  this  basic  problem, 

c)  Ion  effects  on  the  smooth  muscle  action  potentials: 

It  is  known  that  in  the  ionic  theory  the  presence  of  sodium 
ion  is  a  prerequisite  in  the  production  of  action  potential 

in  excitable  tissues.  Thus  the  progressive  depletion  of  sodium 
ion  in  the  extracellular  fluid  will  produce  a  gradual  decrement 
of  action  potential  height,  without  appreciable  change  in  the 
level  of  the  renting  potential.  This  principle  has  been  applied 
to  the  giant  a::on(13»  14),  frog  skeletal  muscle  (*>4)  and  frog 
myocardium  (5).  In  the  frog  myocardium,  the  substitution  of 
eithor  choline  or  sucrose  in  place  of  sodium  chloride  resulted 
in  a  progressive  decrease  in  height^  duration  and  the  rate  of 
rise  of  action  potential. 

Holman  06)  found  in  smooth  muscle  that  no  change  in  spike 
configuration  ?/as  dotected  when  the  concentration  of  sodium  ion 
was  varied  between  1 7  to  150  mM,  irrespective  of  the  different 
substitutes  employed.  Furthermore,  Burnstock  and  Straub  (8) 
stated  that  the  taenia  cloli  can  be  excitable  for  as  long  seve¬ 
ral  minutes  after  the  total  extracellular  sodium  was  removed. 
BUlbring..,  and  Kuriyama  (7)  found  the  difference  of  electrophysi- 
ological  responses  in  intestinal  smooth  muaolt  when  various 
chemical  substances  were  employed  as  sodium  substitutes.  In 
regard  to  the  various  chemical  aubstancaa  Prosser  et  al  (25) 
found  the  prolongation  of  action  potentil  when  the  tissue  is 
immersed  in  a  solution  where  50#  NaCl  is  replaced  by  choline 
chloride.  Investigation  on  the  intracellular  potential  recording 
technique  appears  to  be  required  in  order  to  evaluate  the  appli¬ 
cability  of  siodium  hypothesis  in  the  ureter  smooth  muscle. 
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(2)  ANALYSIS  OF  THE  PROBLEM 


The  smooth  muscles  of  the  mammalian  ureter  have  been  studied 
with  surface  electrodes  as  already  mentioned  in  the  introduction. 

The  method  employed  by  Boaler  (4)  was  an  injury  electrode,  from 
which  a  large  number  of  active  cells  were  responsible  for  the 
action  potentials.  Prosser  et  al  employed  the  silver-silver 
chloride  electrode  for  the  recording  of  the  ureter  action  potential. 
In  the  following  experiments,  an  intracellular  recording  technique 
was  used. 


(3)  OUTLINE  OF  THE  EXPERIMENTAL  PROCEDURE 

Cat  weighing  approximately  2  to  2.5  Kg  and  the  guinea  pig 
weighing  about  500g  were  used  throughout  thiB  experiment.  In 
both  species,  nembutal  was  injected  intraperitoneally.  The  ureter 
was  isolated,  and  made  clean  by  removing  the  fat  and  connective 
tissue  under  a  dissection  microscope.  The  preparation  was  then 
placed  in  warm  Ringer-Kreb's  solution  controlled  at  5&° C  electro¬ 
nically  by  passing  current  through  the  thermojoule  element. 

Ringer's  solution  was  continuously  oxygenated.  Composition  of 
the  normal  Ringer-Krebs  solution  was  as  follows:  NaCl  0.  035s, 
C«C12  0.028g,  MgCl.  0.029  g.  NaH-PO.  O.Ol65g,  NaHCO  0.068g  in 
100  ml  of  water.  Dextrose  (0.l4g/100ml)  was  added  Shortely  t«fo”e 
the  experiment  according  to  the  description  by  Bosler  (4).  When 
the  amount  of  NaCl  was  reduced,  sucrose,  choline  chloride  or  tris 
chloride  (Tris  hydrooxymethyl  aminomethane)  was  used  to  adjust 
the  tonicity  of  the  solution.  In  the  case  where  tris  was  used 
as  a  substitute  of  NaCl,  pH  of  the  solution  was  adjusted  with 
HC1  instead  of  HaHpPO.  and  NaHCO-.  The  remaining  components  of 
the  solution  were  unchanged  unless  otherwise  indicated.  According 
to  Goodford  and  Hermansen  (10)  over  g“5%  of  the  muscle  sodium 
is  exchanged  within  5  minutes  in  Na^  solution.  Therefore, the 
muscle  used  in  this  experiment  was  immersed  in  the  solution 
examined  for  at  least  5  minutes  before  the  recordings  were  made. 
Membrane  potential  was  measured  by  ultramicroelectrodes  filled  with 
3M  KC1  and  having  a  resistance  ranging  from  20  to  100  M,ft,(23)* 
and  the  Woodbury  and  Brady's  fluctuating  suspending  method  was 
used  (29).  A  high  input  impedance,  negative  capacity  amplifier 
(Nihon  Koden  Kogyo  MZ-3A)  and  a  cathode  ray  oscilloscope  (Nihon- 
koden  Kogyo  VC-o,  AVH)  were  employed.  Displayed  phenomena  were 
photographed  with  a  Grass  type  Kymograph  camera,  and  at  the  same 
time  an  ink  writing  recorder  was  used  in  order  to  monitor  the 
resting  potential  continuously.  Stimulation  electrodes  consist 
of  two  wick  electrodes,  one  of  which  was  pieced  on  the  ureter  and 
the  other  immersed  in  the  bathing  fluid.  The  distance  between  the 
stimulting  and  the  recoiling  electrodes  was  varied  from  1  mm  to 
15  mm.  The  rectangular  current  pulses  of  varied  duration  and 
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intensity  were  applied  through  electrodes. 

(4)  ACTION  POTENTIAL  OF  THE  URETER  MUSCLE— —NORMAL 

PATTERN 

a)  Cat:  The  resting  potential  ran, rod  from  25  MV  to  63  My 
and  the  height  of  the  action  potential  iron  17  MV  to  69  KY, 

The  mean  values  were  45  MV  and  32  MV ,  respectively.  Among  193 
penetrations,  there  were  only  4  cases  where  the  revoreal  potential 
was  found  ranging  from  2  to  9  MV  (moan  5.6  MV).  The  values  of  both 
the  resting  and  the  action  potentials  were  widely  distributed 

and  the  overshoots  of  the  potentials  were  rarely  found.  A  typical 
pattern  of  action  potentils  were  widely  distributed  and  the  over¬ 
shoots  of  the  potentials  were  rarely  found.  A  typical  pattern 
of  action  potential  is  a  spike  potential  followed  by  a  slow 
ropolariaatioa  phase  as  shown  in  Figure  1,  There  are  no  oscilla¬ 
tions  on  the  plateau  phase  such  as  found  in  the  normal  action 
potential  pattern  of  guniea  pig  ureter  (21).  However,  in  moot 
instances  there  appears  a  hump  on  the  repolarization  phase.  The 
nauimal  rising  rate  of  action  potential  is  about  0.5--  C.6V/sec, 
which  is  much  slower  than  that  of  other  smooth  muscles  or  myo¬ 
cardium.  However,  the  rate  of  depolarization  is  always  more 
rapid  than  the  rcpolarization  rate  (about  0.2  V'sec)  like  those 
found  in  the  myocardium,  This  fact  differs  from  that  of  the  intes¬ 
tinal  smooth  muscle  in  which  the  rising  rate  of  action  potential 
is  slower  than  its  falling  rate. 

b)  Guinea  pig:  The  resting  potential  ranged  from  37  to 
54aV  and  the"  height  of  action  potential  from  26  to  54mV.  The 
mean  values  were  49  mV  and  380V  respectively.  The  pattern  of 
action  potential  which  was  recorded  from  guinea  pig  differed  from 
that  of  cat  in  that  they  showed  a  longer  plateau  phase  and 
several  superimoposed  oscillatory  potentials.  The  rising  phase 
of  the  action  potential  contains  vory  slow  potential  changes. 

Such  slow  potentials  are  considered  to  bo  either  .lir'C  tioa  poten¬ 
tial  or  eloctrotonic  spread  of  the  activty  of  the  adjacent  cells. 
The  individual  spike  component  of  the  superimposed  action  poten¬ 
tial  always  differed  in  height,  duration  and  in  the  rate  of  rise 
of  of  potential.  There  were  two  types  of  spike  potentials. 

One  type  consisted  of  a  gradual  developement  of  small  spike 
potentials  reaching  its  maximum  height  in  the  second  or  the  third 
spikes,  followed  by  a  gradual  decrease  in  spike  height.  The 
other  type  was  made  up  of  a  large  spike  potential  produced  at 
f:rst,  followed  by  a  gradual  decrease  in  erike  height.  In  both 
cases  a  plateau  of  about  1  second  in  duration  was  observed 
(Figure  2> 
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(5)  ACTION  POTENTIAL  PATTERN  DURING  THE  REFRACTORY  PERIOi 


a)  Cat:  The  recovery  processes  of  the  action  potential  in 
the  ureter  muscle  of  cat  was  examined.  The  action  potential  was 
elicited  with  the  first  shock  and  the  second  shock  was  applied 
at  various  time  intervals,  as  is  shown  in  the  5  tracings  of 
figure  3.  No  response  was  found  when  the  second  stimulus  was 
applied  at  the  early  repolarization  phase  (Fig.  3-1),  while 
very  small  deflection  appeared  when  it  was  applied  in  the  latter 
part  of  the  repolarization  phase  (Fig.-  3-2).  When  the  second 

Simulation  fell  at  still  a  later  phase,  an  action  potential  of 
a  slower  rising  phase  and  of  a  decreased  height  was  recorded  (Fig. 
3-3  and  -4).  In  the  fifth  tracing  of  this  figure  (Fig.  3-5) 
where  the  second  stimulus  was  applied  1.5  seconds  after  the  first 
stimulus,  it  is  shown  that  the  action  potential  has  almost 
recovered  to  its  original  height,  but  the  rising  phase  has  not 
yet  recovered.  Thus,  the  refractory  period  of  the  ureter  muscle 
was  found  to  be  more  than  1.5  cecondo,  in  this  opeciai  instance. 

As  shorn  in  Fig.  4,  with  the  repetitive  stimulations,  the 
first  action  potential  showed  a  stoop  rise  in  nil  cases,  but 
after  tho  second,  the  rate  of  rise  of  potential  decreased.  When 
the  frequency  of  stimulation  increased,  there  occurred  a  small 
slow  potential  changes.  It  was  obsered  through  the  binocular 
microscope  that  this  small  potential  change  was  not  accompanied 
by  any  conducted  contraction.  In  order  to  observe  the  changes 
in  the  rising  rate  in  datail,  the  successive  action  potentials 
which  were  elicited  in  response  to  repetitive  stimulations  were 
superimposed  (Fig,  3).  These  illustraiton  indicates  that  the 
rate  of  rise  of  potential  became  slower  and  slower  when  the 
repeated  stimultions  were  made.  The  slow  r-'-te  of  rise  appears 
to  bo  one  of  the  characteristics  of  tho  potentials  which  developed 
during  the  refractory  periods.  It  is  also  suggested  as  in  C 
of  this  figure  that  the  slow  potential  can  summato  to  develop 
conducted  action  potential. 

When  tho  potentials  were  recordod  in  the  ureter  at  three 
different  places  away  from  the  otimuating  olectrode,  the  time 
interval  between  tho  shock  artefact  and  the  beginning  of  the 
action  potential  differed  from  each  other.  It  was  0,2  second 
when  the  recording  was  made  3  mn  away  from  the  stimulatiog 
electrode,  0,7  seo  at  1  cm  and  1.4  second  at  2  cm.  thus,  it  can 
be  said  that  the  time  interval  is  n  approximately  proportional 
to  the  ’ietance  botweon  tho  stimulating  and  tho  recording  olectode*. 

b)  Guinea  pig:  Tho  action  potentials  of  guinea  pig  ureter 
showed  similar  trends  in  response  to  the  repetitive  stimuli.,  except 
that  they  showed  a  longer  plateau  phase  and  superimposed  several 
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oscillatory  potentials.  Figure  6A  gives  typical  exaaples  vhm 
each  treeing  was  taken  from  the  continuous  records.  In  traoiag 
1,  the  action  potential  developed  0.3  seconds  after  the  stimulus 
artefact  and  8  distinct  osoillations  were  superimposed  on  the 
plateau  phase.  The  second  stimulus  was  given  3*6  second  after 
the  stimulus  artefact  and  8  distinct  oscillations  were  super* 
imposed  os  the  plateau  phase.  The  second  stimulus  was  given 
3.6  seconds  after  the  completion  of  the  repolarlsatlon  of  the 
first  action  potential  (tracing  2).  The  third  stimulus  was 
applied  1.6  seconds  later  (tracing  3).  It  oan  be  noticed  that 
as  time  decreased  the  number  of  oscillatory  potentials  gradually 
decreased  and  the  duration  of  action  potentials  shortened.  In 

Figure  6B  the  superimposed  traoing  of  these  three  motion  poten¬ 
tials  is  shown  in  inset.  The  changes  in  the  rate  of  depolari¬ 
zation,  in  the  duration  of  motion  potential  and  the  conduction 
velocity  are  graphically  illustrated  in  this  figure*  where  the 
inset  numerals  are  indicated  as  the  absolute  values  in  each 
measurement. 

When  the  smooth  muscle  of  the  guninea  pig  ureter  was 
asphyxiatedt  the  plteau  phase  disappeared  and  the  spike  potential 
which  is  similar  to  the  action  potential  of  the  taenia  coll 
oould  be  recorded.  This  potential  differs  from  the  normal 
ureter  action  potential  of  guinea  pig  in  a  faster  rate  of  spon¬ 
taneous  firing,  a  faster  repolarisation  phase  and  an  absenoo 
of  plateau  phase.  When  the  stimulus  was  applied  shortely  after 
the  spontaneous  spilse  potential,  only  a  single  spike  appeared 
(Fig.  7).  It  can  also  be  seen  that  the  spike  potential  is  fol¬ 
lowed  by  a  slow  after  potential.  If  the  stimulation  was  applisd 
at  a  slightly  later  phase,  triple  spike  potentials  appearsd. 
Likewise,  when  the  stimulus  was  applied  later  in  the  recovery 
phase,  one  could  record  an  increased  number  of  spike  potentials. 
Thus,  it  was  found  that  even  under  these  conditions  the  ureter 
muscle  showed  repetitive  responses  to  a  single  external  stimu¬ 
lation. 

(6)  EFFECT  OF  THE  TEMPER '.TUBE  CHANGE  ON  THE  ACTION  POTENTIAL 

PATTERN 

a)  Cat i  The  temperature  of  the  bathing  fluid  also  influ¬ 
ences  the  rising  rate  of  the  action  potential.  Figure  8  illust¬ 
rates  tbs  offoets  of  temperature  on  the  rising  rate  and  the 
duration  of  morion  potentials  in  ureter  musols  of  eat.  It 
can  be  seen  that  the  lower  the  temperature,  the  slower  the  rats 
of  rise,  of  potemtlal.  The  fact  that  tbs  duration  of  action 
potential  is  direetiy  related  to  the  temperature  <r?  the  Vr'&f.rag 
fluid  is  illustrated  in  this  figure.  The  eoaduotion  velocity 
also  decreased  in  the  lower  temperature. 
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b)  Guinea  pig:  Similar  experiments  have  been  performed 
in  the  ureter  muscles  of  guinea  pig  (Fig.  9).  The  action  poten¬ 
tials  of  the  ureter  muscle  in  three  different  bathing  tempe¬ 
ratures  are  illustrated.  In  35°C  the  rise  time  was  short,  and 
the  interval  of  two  successive  spikes  was  about  50  m  sec.  In 
30°C,  the  rise  time  was  longer  than  that  in  35°C,  and  the  in¬ 
terval  between  the  two  spikes  was  about  71  a  sec*0  This  inter¬ 
val  was  further  decreased  to  about  95  a  sec  in  27°C*  The  de¬ 
crease  in  conduction  velocity  was  invariably  observed.  Thus 
the  effects  of  temperature  on  both  the  cat  and  the  guinea  pig 
ureter  were  approximately  the  same  from  the  point  of  rate  of 
rise  of  potential  and  conduction  velocity. 

(7)  ACTION  POTENTIAL  PATTERN  IN  SODIUM  DEFICIENT 
RINGER'S  SOLUTION 

•O  "a*:  Figures  10  -  12  show  the  results  obtained  by  the 
effect  of  so-’-iun  replacement  with  sucrose,  choline  chloride  and 
Tris  chlode  in  cat  ureter.  Fig.  10  illustrates  the  results 
where  sucrose  was  used  as  a  substitute  of  sodium  chloride.  As 
can  be  seen  in  this  figure,  the  rate  of  rise  of  action  Potential 
gradually  reduced  from  1  to  4  where  the  extracellular  Na  was 
stepwise  reduced  from  normal  contour  to  1/4  of  a  sodium  solution. 
The  duration  of  action  potential  was  prolonged  in  the  lower 
sodium  concentration  and  also  the  distance  of  a  conduction  of 
excitation  became  very  limited,  approximately  a  few  mm  from  the 
stimulate r.g  electrode.  Also  the  threshold  of  the 
muscle  to  c  stimulation  increased.  When  the  ureter  was  immer¬ 
sed  in  sodium  lack  fluid,  neither  contraction  NOR  action 

potential  could  be  observed. 

Figure  11  illustrates  a  similar  experiment  with  chloline 
chloride.  The  results  obtained  by  substituing  (Na)  with 
choline  resembled  that  of  sucrose:  the  rate  of  rise  of  potential 
was  decreased,  duration  of  action  potential  prolonged  and  the 
induction  velocity  decreased  progressively  as  the  extracellular 
sodium  concentration  was  reduoed,  A  very  different  trend  was 
found  when  tris  chloride  was  used  as  a  substitute  of  NaCl  (Fig, 
12).  The  duration  of  action  potential  shortened,  instead  of 
being  prolonged.  The  rising  rate  fnd  the  conduction  velocity 
showed  a  reduction  which  is  consistent  with  the  results  of 
sucrose  and  choline  substitution.  In  the  sodium  free  solution  in 
which  all  sodium  chloride  was  replaced  by  tris  chloride,  the  con¬ 
duction  velocity  became  still  slower  and  only  a  email  potential 
change  was  recorded  as  shown  in  Fig.  12  -  5»  Even  when  the  re¬ 
cording  electrode  was  placed  closer  to  the  stimualating  electro¬ 
de,  no  action  potential  could  be  obtained  except  for  a  small 
slow  response  (Fig  12-6).  The  response  disappeared.  About 
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10  minutes  later 


V 
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Regards  to  the  resting  potential,  there  were  no  significant 
differences  statistically  among  the  values  in  normal  and  in  vari¬ 
ous  kinds  of  sodium  substitutes . 

In  figure  13,  14  and  15,  the  height  of  action  potential, 
the  rising  rate  and  the  duration  of  action  potential  in  three 
kinds  of  bathing  fluid  were  plotted  against  the  concentration 
of  extracellular  sodium  chloride.  Each  plot  in  the  average 
value  of  the  action  potential  height,  rising  rate  arid  the  duration 
taken  from  Ip  to  JO  records.  It  can  be  seen  that  there  are  slight 
but  definitely  recognizable  decrease  in  the  height  of  action 
potential,  when  the  sodium  is  reduced.  The  rate  of  rise  of  action 
potential  appears  to  be  directly  proportional  to  the  extracel¬ 
lular  sodiu  ra  concentration.  Regards  to  the  duration  of  action 
potential  a  significant  difference  as  observed  between  the  Trie 
chloride  substitution  and  the  other  two  substitutes.  In  other 
words,  both  in  sucrose  and  in  choline  the  duration  <*f  action 
potential  prolonged  while  in  Tris  chloride,  the  reverse  effect 
resulted.  This  indicates  that  the  effect  of  sodium  deficiency 
on  the  duration  of  action  potential  is  caused  by  the  sodium 
substitutes  rather  than  the  reduction  of  sodium. 


b )  Guinea 
pote:.'  I pa  r.  to: 
illustrates  tin 
soaked  in  the  r 


vlg:  Effects  of  sodium  reduction  0*:.  the  action 
n  of  guinea  pig  were  also  studied.  Figure  3.6 
pattern  of  action  potential  when  the  j.usclo  is 
•ducod  ha  solution  and  replaced  fcy  sucrose.  The 


pattern  of  action  potential  changed  into  an  irregular  form  soon 
after  50  %  of  sodium  in  Ringur  was  replaced  by  sucrose.  The 
decrease  in  frequency  of  spikes,  in  rate  of  rise  of  potential, 
in  conduction  velocity  were  invariable  observed.  Similar  trendB 
were  observed  when  the  choline  was  used  instead  of  sucrose,  A 
remarkable  decrease  in  the  frequency  of  spike  formation  was 
definitely  observed  (Fig.  17).  The  same  was  found  when  Tris 
chloride  was  used.  The  reduction  in  the  rate  of  rise  of  poten¬ 
tials  and  humps,  which  were  noticed  prior  to  the  formation  of 
spike  potential,  were  observed  (Fig,  18), 


(8)  ANODAL  CURRENT  AND  URETER  MUSCLE" 


As  stated  above,  in  stomatopod,  the  anodal  current  caused 
an  .  anodal  block.  In  oyster  myocardium,  an  abolition  of  pla¬ 
teau  phase  has  been  obtained,  and  the  abolition  of  action 
pr/iu:/  ia  found  to  be  correlated  with  the  relaxation  of  muscls 

tension.  In  ureter  muscle,  v/e  have  not  been  able  to  elicit e 
the  relaxation  by  applying  anodal  current.  In  one  experiment, 
the  cathodal  current  of  a  varied  intensity  and  a  constant  du¬ 
ration  v*ero  applied  on  the  ureter  which  had  ceased  spontaneous 
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firings.  The  onset  of  the  current  was  gradually  decreased  and 
the  number  of  spikes  elicited  increased.  The  increased  spikes  • 
soon  accomodated  as  can  be  seen  in  the  fifth  and  the  last  re¬ 
cordings  of  Fig.19-1.  The  application  of  the  anodal  current  is 
illustrated  in  Fig.  19-2..  Whet,  the  current  is  increased  gra¬ 
dually,  the  spike  potential  is  elicited  slightly  earlier  than 
the  previous  one.  Still  greater  increase  in  the  current  strength 
re&ults  in  an  earlier  initiation  of  the  spike  potential  and 
furthermore  the  spontaneous  response  is  obtained.  This  beha¬ 
viour  021  the  anodal  current  to  this  muscle  can  not  be  observed 
when  the  action  potential  of  the  ureter  showed  a  plateau.  On 
the  contrary,  this  was  observed  -  m  the  action  potential 
changed  its  pattern  into  a  spike  type.  Sleator  and  3utcho- 
(26)  applied  galvanic  polarization,  and  have  found  when  th. 
anodj  is  plr-.cod  intraureteral,  the  conduction  c-locity  of  the 
ureter  is  reduced.  They,  however,  did  not  observe  the  relaxa¬ 
tion.  BUlbring  (6)  observed  the  relaxation  in  taenia  cloli 
when  she  applied  the  anodal  current  polarization.  Cur  failure 
on  reproducing  Dr.  BUlbrings'  results  appears  to  have  been  due 
to  the  difference  in  the  method  of  applying  the  current. 

(9)  FTRTHERR  STUDIES  ON  THE  FINE  STRUCTURE  OF  THE  STOMATOPOD 

MYOCARDIUM 

In  the  previous  report  (19,  22),  we  have  already  stated 
the  fine  structure  of  the  stomatopod.  During  the  past  year, 
our  work  was  concentrated  on  the  myofibril  structures  and  the 
sarcoplasmic  reticulums.  We  have  observed  further  fine  struc¬ 
tures  and  the  sarcoplasmic  reticulums.  The  fine  structure  of 
stomatopod  heart  muscle  provides  evidence  of  the  existence 
of  two  distinct  components  of  sarcoplasmic  reticulum.  A  sar- 
colemmal  invagination  was  extended  deep  into  the  muscle  cells, 
and  was  transverBed  at  tho  level  of  Z-lines  of  the  myofibrils. 

The  other  endoplasmic  reticulum  system  can  be  seen  arround  the 
myofibrils.  The  structure  of  the  latter  tubular  system,  in 
other  words,  the  sarcoplasmic  reticulum  exhibited  a  similar 
structure  as  that  found  by  Bennett  and  Porter  (1).  Figure 
20  illustrates  the  deep  invagination  of  the  sarcolemmal  membrane, 
and  Figure  21  illustrates  one  of  the  typical  transverse  sections 
of  the  mantis  shrimp  heart.  It  can  be  seen  that  the  double 
filament  array  (thick  filament  in  oentrer  and  thin  filaments 
around  the  orbit)  are  also  noted  in  this  muscle  (17),  Although 
the  muscle  protein  of  this  species  is  not  aotoayosin  system, 
the  patters  of  arrangements  in  myofilaments  are  very  much  like 
that  of  the  vertebrate  myofibril.  It  also  can  be  seen  that  therm 
is  a  rich  supply  of  endoplasmic  reticulum  outside  the  group  of 
myofibrils.  Although  we  could  not  oonfirm  the  triad  structure 
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a  large  tuba  waa  found,  having  a  baaaaant  aeabJrane  which  indicataa 
that  tha  tuba  is  directly  oonnaotad  to  tha  outslda  of  tha  soil. 
Such  infolding  of  tha  plasaa  membrane  into  tha  eall  is  already 

found  the  myocardium  of  in  human,  dog  and  rabbit.  Thick  sar¬ 
coplasmic  granules  were  observed  outside  the  myofibril  and  sineo 
they  were  PAS  positive  granules,  they  are  considered  to  be  gly¬ 
cogen  granules. The  mitochondriao  are  present  around  the  muscle 
fibers.  When  the  longitudinal  section  of  the  myocardium  is  ob¬ 
served,  a  regular  Z-line  structure  can  be  seen.  No  intercalated 
discus  such  as  seen  in  vertebrate  myocardium  was  observed.  Two 
adjacent  cells  were  separated  considerable,  and  therefore  the 
muscle  coll  was  not  considered  as  a  syncytium.  In  some  of  the 
smooth  muscles  the  distance  between  the  two  adjacent  cells  ‘were 
connected  with  a  short  bridge  (3).  10  vertebrate  myocardium,  the 
adjacent  cells  were  tightly  connected~nith  descosoae  structure 
and  intercalated  discuss,  allowing  the  ourrent  to  pass  through 
easily.  In  the  myocardium  of  the  stomatopod,  the  muscle  cells 
were  separated  with  wide  extracellular  spaces,  but  nevertheless 
the  long  heart  tube  was  contracting  synchronously.  This  sug¬ 
gests  that  the  coordination  of  the  contraction  must  depend  on 
the  nervous  control,  and  is  in  good  correlation  with  the  physi¬ 
ological  observations  (20).  It  is  also  suggested  from  the  physi¬ 
ological  study  that  the  multiterminal  junction  is  present  in 
this  herat.  The  electron  micrograph  of  these  two  structures 
arc  now  being  studied. 


DISCUSSION 

In  rat  ureter,  Bennett  et  al  (12)  found  that  the  resting 
potential  is  about  60  mV  and  that  the  action  potential  may  over¬ 
shoot  about  10  -  15  mV  However,  in  cat  ureter,  over  190 

penetrations,  there  appeared  only  four  instances  where  the  action 
potential  showed  an  overshoot,  and  the  amplitudes  of  action  poten¬ 
tials  were  comparatively  smaller  than  those  in  rat  ureter  reported 
by  Bennett  et  al.  Some  of  the  electrodes  might  have  not  been 
penetrated  into  the  oell,  as  was  suggested  by  Gillespie  (9), 
or  the  electrodos  may  have  injured  the  cells.  Although  the  elec¬ 
trodes  employed  are  of  a  high  resistance  before  and  after  the 
penetration  and  the  resting  potential  was  reasonably  stable,  many 
of  the  data  obtained  froa  this  sxpsriasnt  showed  a  lew  resting 
potential  and  a  saall  motion  potential.  Thus,  it  was  very  diffi¬ 
cult  to  draw  a  line  between  the  intracellular  and  extracellular 
recordings,  objectively.  For  this  rsason,  the  authors  did  not 
discard  the  data  which  showed  low  resting  and  saall  aetion  poten¬ 
tials  in  both  the  oontrol  and  sodium  lack  solution, 

Bozler  (4)  recorded  extra  cellularly  a  monophasic  action 
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potential  in  ureter  and  described  that  the  pattern  of  action  potea* 
tials  are  different  from  species  to  species,  Qreven  (11,  12) 
a' so  recorded  a  nonophasic  action  potential  in  guinea  pig  ureter 
with  an  extracellular  glass  microelectrode.  Action  potentials 
which  were  recorded  here  with  microelectrodes  confirmed  these 
authors'  results  and  have  shown  that  delayed  action  potential  is 
generated  from  a  single  smooth  muscle  cell.  This  is  also  in 
good  agreement  with  Bennett  et  al  (2),  and  it  is  suggested  that 
the  ureter  muscle  behaves  somewhat  like  a  physiological  syncytium. 
All  or  none  response  to  the  electrical  stimultion  is  known  to 
occur  in  ureter  m  3cle  through  the  studies  of  Bozler  (4)  and 
Prosser  et  al  (25).  From  the  intracellular  recordings  of  the 
present  experiment,  the  action  potential  v/hich  showed  a  slow 
conduction  velocity,  a  slow  rising  phase  and  a  short  duration 
was  invariably  obtained  when  the  ureter  smooth  muscle  was  stimu¬ 
lated  repetitively.  These  responses  to  the  repetitive  stimu¬ 
lations  of  the  ureter  muscle  resembled  that  of  the  vertebrate 
myocardium  which  v;as  discussed  by  rc/cd”  “.".d  Woodbury  (5).  The 
slow-small  potential  which  was  not  observed  in  the  myocardium 
by  high  frequency  stimulations  (2/eec)  was  obtained  in  the  ureter 
muscle.  This  abortive  response  was  also  observed  by  Prosser  et  al 
(25)  through  their  extracellular  recordings,  and  appears  to  bo 
one  of  the  differences  between  the  ureter’  and  the  myocardiums. 

Another  distinct  feature  of  the  ureter  muscle  as  compared  to 
the  myocardium  is  its  long  lasting  refractory  period.  The  myo¬ 
cardium  is  known  to  recover  from  its  inactivation  processes  as 
soon  as  the  membrane  repolarizes.  However,  in  the  ureter  muscle 
the  absolute  refractory  periods  lasted  one  to  three  seconds  after 
the  membrane  potential  was  completely  repolarized.  This  prolonged 
state  of  inactivation  processes  seems  to  depend  on  the  durati6n*of 
the  preceding  i-jtioa  pota-iial.  When  the  duration  of  action 
p-.-tentini  is  short,  the  urr'-er  muscle  can  respond  to  the  repeated 
stimulations  as  fast  as  once  in  two  seconds. 

SI eat or  and  Butcher  (26)  found  in  in  situ  dog  ureter  that, 
during  the  post  peristaltic  interval  the  speed  with  which  the 
second  wave  travels  is  less  than  that  of  the  first.  Their 
findings  coincide  with  the  present  observation  in  which  an  intr¬ 
acellular  recording  was  employed.  In  their  results  there  was 
no  measurable  change  in  the  rate  of  depolarisation  or  in  peak 
height.  However,  in  the  present  study  a  remarkable  reduction  in 
rate  of  rise  of  potential  and  a  considerable  reduotion  in  the 
peak  height  of  the  action  potential  were  recognized.  This  may 
be  due  to  the  difference  in  the  method  between  this  experiment 
and  the  previous  one. 

The  superimposability  of  the  repolarization  phase  during  the 
repetitive  stimulations  was  also  observed  in  the  urter  muscles 
as  in  the  myocardium.  In  the  myocardium,  the  repolarization  was 
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super imposable  when  the  aotion  potentials  were  shiftsd  so  that 
the  cost  rapidly  falling  phase  would  coincide.  While,  in  ths 
ureter  of  the  guinea  pig  the  superimposability  of  the  repels* 
rization  phase  could  be  seen  when  the  stimulus  artefacts  were 
superimposed.  This  indicates  that  the  duration  between  stiantltts 
and  the  completion  of  the  repolarization  phase  is  approximately 
the  same  regardless  of  the  duration  of  the  action  potential. 

Bennett  et  al  (2)  found  a  large  spike  potential  when  a  wary 
high  Ca++  concentration  was  applied  in  guinea  pig  ureter.  The 
spike  potentials  which  were  observed  in  the  present  experiment 
appear  to  be  different  in  nature,  since  the  magnitude  of  the 
spikes  in  this  experiment  is  much  smaller  than  that  observed 
by  Bennett  et  al.  These  facts  suggest  that  the  action  potential 
of  the  ureter  muscle  can  change  their  pattern  depending  on  the 
external  physiological  conditions. 

The  height  of  the  action  potential  in  the  myocardium  warn 
unchanged  until  the  temperature  decreased  below  20°C(27),  In 
comparison  to  the  myocardium,  the  action  potential  of  the  ureter 
appears  to  be  more  sensitive  to  the  change  of  temperature  of  the, 
bathing  fluid.  In  the  ureter  muscle,  the  peak  height 
of  the  action  potential  was  reduced  and  both  the  conduction 
velocity  and  the  rate  of  depolarlzarion  remarkably  decreased  In 
lower  temperatures.  The  resting  potential  was  lowered  when  ths 
temperature  was  reduced  to  20UC.  In  guniea  pig  ureter,  the 
excitition  fails  to  occur  below  2yC,  while  in  cat  ureter  the 
muscle  can  respond  in  a  still  lower  temperature,  suggesting  ths 
sensitivity  of  ureter  tissue  to  temperature  differs  from  speoiss 
to  species.  Prolongation  of  action  potential  also  occurred  in 
myocardium  when  it  is  cooled,  the  similar  trends  were  observed 
in  ureter  muscle.  It  may  be  reasonably  stated  that  the  results 
obtained  in  the  present  experiment  can  be  explained  from  the  basin 
of  sodium  theory  revised  by  Woodbury^). 

The  applicability  of  the  sodium  theory  to  the  saooth  nuscle 
of  the  ureter  is  also  demonstrated  in  the  above  experiments,  ths 
fact  that  the  ureter  muscle  cell  can  develop  action  potential  in 
a  very  low  extracellular  sodium  concentration  ooineidss  with  ths 
findings  in  the  intestinal  smooth  nuscle  (8,  15).  But  in_*his 
experiment  the  rising  rate  and  the  htlght  of  the  action  potential  . 
of  the  ureter  muscle  progressively  decreased  wktn  the  extraoellnlnr 
sodium  was  reduced.  As  far  as  the  three  kinds  of  sodium  sub* 
stitutes,  sucrose,  choline  chloride  and  Tris  chloride  are  con¬ 
cerned,  the  rising  rate  and  the  height  of  action  potential  were 
of  similar  treads,  that  is,  there  are  no  recognizable  differences 
among  sodium  substitutes,  suggesting  that  the  extracellular  ' 

sodium  concentration  affects  primarily  rpon  those  two  factors* 
However,  in  regard  to  the  duration  of  action  potential  both 


choline  and  sucrose  shoved  an  entirely  different  trend  from 
that  of  Tris  chloride.  In  other  words,  the  aotion  potentials 
of  ureter  muscle  prolonged  in  choline  or  sucrose  solution,  but 
showed  a  shortening  in  Tris  choride  solution.  This  in  turn 
suggests  that  the  plateau  phase  of  action  potential  is  not  mainly 
affected  by  the  extracellular  sodium  concentration  but  by  the 
sodium  substitutes, 

Hoffman  and  Crane field  (15)  summarized  the  present  knowledge 
about  the  effects  of  the  sodium  substitition  on  mammalian  myo¬ 
cardium.  It  seems  reasonable  to  conclude  from  their  thble  that 
many  of  the  preparations  showed  a  shortening  of  action  potential 
rather  than  a  prolongation  in  sodium  deprived  solution.  In  oat 
ureter  smooth  muscle,  only  the  result  from  Tris  chloride  solution 
agrees  with  the  previous  results  in  myocardium. 

The  prolongation  of  plateau  seen  in  choline  chloride 
solution  confirmed  the  previous  extracellular  findings  of  Prosser 
et  al  (25),  and  presented  the  concept  that  the  prolongation  is 
not  due  to  the  enhancement  of  the  synchronous  activities  of  a 
group  of  muscle  cells,  but  due  to  the  phenomenon  of  a  single 
muscle  cell  membrane.  As  atropin  also  prolongs  the  action  po¬ 
tential  plateau  in  ureter  (25),  the  prolongation  appears  not  to 
be  due  to  the  nervous  origin,  but  is  likely  due  to  the  direot 
action  on  muscle  cells. 

It  was  found  in  the  present  experiment  that  the  ureter 
smooth  muscle  can  not  develop  action  potentials  in  a  sodium 
lack  solution  ,  even+thou|h  contains  the  same  quantity  of 
other  ions  such  as  K  ,  Ca  +  and  %++  as  in  normal  Ringer-Krebs 
solution.  This  indicates  that  sodium  plays  the  most  important 
part  in  developing  the  action  potential  of  the  ureter  smooth 
muscle.  In  ureter  muscle,  the  action  |^tential  oeasee  to  deve¬ 
lop  shortly  after  the  immersion  in  Ca*  free  Ringer-Krebs 
solution  (unpublished  data).  This  indieatss  that  Ca  ion  also 
plays  an  important  role  in  the  production  of  aciton  potential. 
Further  studies  on  the  effect  of  Ca  ion  on  the  ureter  muscle 
are  under  progress.  It  is  our  opinion  that  the  basie  ion  con¬ 
tributing  to  the  normal  action  potential  is  sodium  ion. 

Bergman  (5)  studied  the  fine  structure  of  the  rat  ureter 
muscle.  He  observed  that  the  diameter  of  the  smooth  muscle  is 
7  microns  at  its  greatest  width,  and  length  about  500  microns. 

The  muscle  having  75  to  100  X  myofilaments  is  oovered  with  250 
2  double  membrane.  Intracellular  spaces  are  filled  with  dense 
bundles  of  collagen  connective  tissues  and  an  extensive  capil¬ 
lary  network.  Each  muscle  cell  has  several  intercellular 
bridges,  thereby  joining’ it  with  adjacent  cells.  The  'intercellular 
structure  2  to  3  microns  in  length  and  0,3  -  0,5  microns  in  « 
diameter.  In  our  preliminary  experiment  in  guinea  pig  ureter, 
the  cell  bridged  have  not' been  observed,  instead  thrf‘  two  adja¬ 
cent  cells  are  oonneoted'  with  a  very  short  distance  between  thorn. 


This  fact  suggests  that  the  fins  s true tors  of  the  muscle 
arrangement  is  different  from  speeies  to  species.  Further 
study  on  the  observation  in  their  auseles  appears  to  be  neces¬ 
sary, 

(11)  CONCLUSION 

Action  potential  of  the  smooth  musele  of  the  ureter  h&3  been 
studied  with  the  ultramicroelec tor odes.  Intracellular  action  po¬ 
tential  of  the  ureter  shews  a  plateau  phase  which  is  similar  to 
that  found  in  the  myocardium.  The  plateau  phase  can  be  shortened 
through  repetitive  stimulations.  The  auperimpoaability  of  the 
action  potential  was  observed.  The  action  potential  plateau  can 
be  shortened  in  sodium  deficient  solution  replaced  by  Tris  chlo. 
ride  solution.  The  plateau  phase  of  the  ureter  action  potential 
thus  found  to  show  similar  characteristics  to  that  of  the  verto- 
brate  myocardium,  Anodsl  current  pulse  did  not  cause  the  aboli¬ 
tion  of  action  potential  sueh  as  observed  in  the  invertebrate 
myocordiua*By  devieing  the  method  of  current  application  to  this 
muscle,  we  hope  to  elicits  the  relaxation  due  to  anodal  polari¬ 
sation,  in.  the  future.  The  histological  studies  on  the  inverte¬ 
brate  muscls  confirmed  the  two  types  of  tubular  systems,  which 
may  be  responsible  to  the  excitation  and  contraction  coupling 
in  thia  muscls.  Sueh  structures  have  boon  found  in  many  verte¬ 
brate  muscles,  but; in  the  smooth  muscles  no  sueh  structure  have 
been  demonstrated.  Therefore,  the  conduction  of  oxcitation 
in  smooth  muaoles  appears  to  have  a  different  system  and  awaits 
further  study. 
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FIGURES  1  AND  2.  NORMAL  PATTERNS  OF  ACTION  POTENTIAL  IN  THE 
URETER  MUSCLE  OF  CAT  (FIG.  1)  AND  GUINEA  PIG  (FIG.  2). 

Time  interval  200  aaec.  "oltage  calibration  50  aV« 

See  text  in  detail. 


FIGURE  3.  ACTION  POTENTIALS  OF  URETER  SMOOTH  MUSCLE  OF  CAT. 
Stimulus  artef aot  shows  the  time  when  the  rectangular 
stimulus  of  about  50  msec  duration  was  applied.  The  seoond 
stimulus  was  applied  at  various  time  intervals  after  the 
the  first  stimulus.  Voltage  calibration  20  mv.  Time :200msec* 

FIGURE  ^  ACTION  POTENTIALS  OF  URETER  MUSCLE  OF  CAT  WHICH 
WERE  ELICITED  IN  RESP0N8E  TO  THE  REPETITIVE  STIMULATIONS  WITH 
VARIOUS  FREQUENCIES. 

Stimulus  frequency  in  1  is  0.5/sec}  in  2, 1/sec 5  in  3 
2/seo.  Voltage  calibration  20  mv.  Time  interval  200msec. 

FIGURE  5  SUPERIMPOSED  ACTION  POTENTIALS  WHICH  WERE  SUCCESSIVELY 
ELICITED  BY  THE  REPETITIVE  STIMULATIONS  IN  CAT  URETER  MUSCLE. 
Tracing  1.2.3  and  4  in  each  recording  (A,B  and  C)  show 
the  potentials  produced  by  the  first,  second,  third  and 
fourth  stimuli  respectively.  In  each  recording  the  st¬ 
imulus  artefacts  of  all  the  tracings  were  superimposed  . 

In  A,  stimulus  frequency  is  0,5/  sec;  in  B,  1/sec  and 
in  c,  2/  sec. 


FIGURE  6.  A. ACTION  POTENTIALS  OF  URETER  SMOOTH  MUSCLE  OF  GUINEA 


PIG  WHICH  WERE  ELICITED  IN  RESPONSE  TO  THE  REPETITIVE  STIMULATIONS. 
1  .control  2.4  Action  potential  produced  by  the  stimulus 


which  was  applied  3.6  sec  after  the  completion  of  the  rep¬ 
olarization  of  the  first  action  potential.  3. Action  poten¬ 
tial  bx  the  stimulus  of  1.6  seconds  after  the  second  action 
p  aJ*  Horizontal  bar  on  the  upper  right  hand  of  each 


tracing  shows  the  level  of  the  resting  potential. 

B.  DIAGRAM  SHOWING  CHANGES  IN  THE  CONDUCTION  VELOCITY 
CHE  DURATION  AND  THE  RATE  OF  RISE  OF  ACTION  POTENTIAL  WITH  REF" 
ENCE  TO  THE  TIME  WHEN  STIMULUS  WAS  APPLIED. 

Superimposed  tracings  of  three  action  potentials  of  Fig  6 
-A  are  shown  in  the  top.  The  numerals  indicated  in  the 
graph  show  the  measured  values.  Time  zero  in  the  abscissa 
fflalwa  od?*  rer0laria*tion  of  the  Previous  po- 


FIGURE  7.  SPONTANEOUS  SPIKE  POTENTIALS  AND  THE  VARIOUS  PATTERNS 
OF  ACTION  POTENTIALS  PRODUCED  BY  THE  STIMULUS  IN  URETER  MUSCLE 
OF  GUINEA  PIGC 

Rectangular  stimulations  of  about  5CO  msec  duration  were 
applied  at  various  time  intervals  after  the  completion  of 
repolarization  of  spontaneous  spike  potential.  The  time  in¬ 
tervals  in  tracings  1-5  were  570,  480,  600,  1480  and  2l5c 
msec,  respectively.  Voltage  calibration  20  mV.  The  time 
narks  indicated  under  each  tracing  show  2  seconds  intervals. 


FIOUKM  8  AMD  9*  XFTICT8  OF  MKFIBATUM  OF  KTRACILLULA*  FLUID 
OH  TB  ACTIOS  POTBTIAL5  OF  URZTZfi  SMOOTS  MUSCLI  OF  CAT  (FIG.  6) 
ASS  GUIKSA  PIG  (FIG.  7). 

Voltage  calibration  50  Tine  intervals  200  nseo*  Hori- 
soatal  bar  on  tho  right  hand  of  oaoh  tracing  in  Fig*  7  shows 
tha  level  of  the  resting  potential* 


FIGURE  10  CHANGES  IN  ACTION  POTENTIAL  PATTERN  DUE  TO  THE  REPLACE 
KENT  OF  EXT  a’ ACELLULAR  SODIUM  CHLORIDE  SH  SUCROSE. 

1  Control  in  Rinser  Ereb'c  solution 

2  50  par  cent  £  £a+3  solution. 

3  25  per  cent  solution  after  6  ninutea. 

4  25  par  cent  £  Rqp£  solution  after  40  micutao. 

.  stimulus  artefact0! n  each  tracing  shows  tha  tin*  whan 
the  rectangular  stimulation  of  about  50  use c.  duration 
was  applied.  Time  interval  200  msec,  voltaga  calibration 
50  mv. 

FIGURE  11  CHARGES  IN  ACTION  POTENTIAL  PATTERN  DUE  TO  TOE  RE¬ 
PLACEMENT  OF  jIXTR  i CELLULAR  SODIUM  BY  CHOLINE  CHLORIDE. 

1  control  2.  50  per  cent  sodium  solution  aftar  10 
minutes*  3.  after  4o  minutes.  4.  25  per  cunt  aodiua 
aolution  after  10  ici  jutes.  Stimulus  duration  100  usae. 
Racordin^s  were  made  approximately  1»0  era  from  tha 
stimulating  eloctrode. 


FIGURE  12  SERIES  CF  RECORDS  WHERE  EXTRACELLULAR  SODIUM  CONCERT* 
RATION  WAS  REDUCED  STEFWI8E  BT  TIE  SUBSTITUTION  WITH  THIS  CHLO¬ 
RIDE. 

1.  Control  2.  50  por  cent(Ra)o  solution  3*  25  per  cent 
(Rap  solution  4.  12.5  por  cont  (Ra  )  solution  5  and  6 
(Ra+)°-free  solution  ?.  5  minutes  after  immersing  in  nor- 
aal  solution  8.  20  minutes  later.  Stimulus  of  100  msec 
duration  was  applied  6  mm  from  the  recording  site  in  trac¬ 
ing  1*  2.  3«  ond  7:  in  4  and  5  4  mm:  and  1  am  in  6.  In 
tracing  8  spontaneous  action  potential  is  recorded. 
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FIGURE  16*  CHANGES  IN  ACTION  POTENTIAL  PATTERN  DUE  TO  THE  REP¬ 
LACEMENT  OF  EXTRACELLULAR  SODIUM  CHLORIDE  BY  SUCROSE, 

1.  Control  in  Ringer-Krebs  solution. 

2.  50  per  cent  (Na+)  solution,  after  5  minutes. 

3.  after  20  minutes.0  4.  40  minutes  later. 

Stimulus  artefact  in  each  tracing  shows  the  time  when  the 
rectangular  stimulation  of  about  50  msec  duration  was  applied. 
Time  interval  200  msec..  Voltage  calibration  50  mV. 


FIGURE  17.  SERIES  OF  RECORDS  WHERE  EXTRACELLULAR  SODIUM  CCUC’iiHT- 
RATION  WAS  REDUCED  STEPWISE  BY  THE  SUBSTITUTION  WITH  CHOLIC 
CHLORIDE.  „ 

1.  Control  in  Ringer-Xrebs  solution. 

2#  50  per  cent  (Na+)  solution,  after  5  minutes. 

5.  20  minutes  later.  4,  25  per  sent  (Na+)  solution, 

5-7*  12.5  per  cent  (Na+)fi  solution,  8.  ?Na*)  -lack 

solution.  Time  interval  200  msec,  Voltage  calibration  50  mV. 


•  « 


4, 


FIGURE  18.  CHANGES  IN  ACTION  POTENTIAL  PATTERN  DUE  TO  THE  REP- 
lacement  of  extracellular  sodium  chloride  by  Trie  chloride. 

1..  Control  in  Ringer-Krebs  solution. 

2.  50  per  cent  (Na' )  solution. 

3.  25  per  cent  (Na+)°  solution,  10  minutes  later. 

4.  20  minutes  later.  Time  interval  200  msec.  Voltage  cali¬ 
bration  50  mV. 
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FIGURE  19.  .EFFECTS  OF  THE  CURRENT  INTENSITY  ON  THE  ACTION  POTEN¬ 
TIAL  OF  THE  •'RETER  OF  GUINEA  PIG. 

1.  Cathodal  polarization.  2.  Anodal  polarization 
An  arrow  indicates  the  onset  of  the  current  application. 

Time  interval  2  sec.  Voltage  calibration  20  mV, 


FIGURE  20  ELECTRONMICROGRAPHS  OF  A  LONGITUDINAL  SECTION 
OF  THE  SQUILLA  MYOCARDIUM, 

Mag  X  7350  The  scale  represents  Jne  micron. 

Th^ ck  invaginations  of  sarcolemmal  membrane  transverses  the 
myofibril  at  the  Z-line  level.  This  indicates  that  the 
extracellular  space  is  directly  in  contact  with  the  centre  of 
myofilaments •  within  a  very  short  distance. 


FIGURE  21  HIGH  MAGNIFICATION  OF  THE  MYOFIBRILS  CF  STOMATOPOD 
MYOCARDIUM. 

Magnification  X  3500  0 

Double  myofilament  arrangements  are  illustrated,  suggest¬ 
ing  the  similar  structure  to  that  of  the  vertebrate  striated 
muscles.  Thick  dots  arround  the  myofibrils  are  glycogen 
granules.  Vesicular  structures  arround  the  myofiVrils  are 
the  transverse  section  of  the  longitudinal  endoplasmic  reti¬ 
culum,  A  part  of  mitchondria  is  illustrated  at  the  bottom 
of  thid  picture. 


